INTRODUCTION
There have been major improvements in the intra-and sub-basalt imaging of basalt and sub-basalt sequences in volcanic basins over the past decade (e.g., Abdelmalak et al., 2015; 2016a; 2016b) . These improvements have largely been obtained by developments in seismic processing, and in particular by better velocity control, removal of coherent noise such as peg-leg multiples and converted waves, and broadband processing. The advances in processing have been accompanied by improvements in seismic acquisition, including application of new source and receiver technologies and 3D data acquisition in volcanic terrains. The interpretation of volcanic sequences has also improved with the increased availability of high-quality seismic data and fieldwork on analogue seismic-scale outcrops (e.g. Jerram et al., 2009; Planke et al., 2015; Schofield et al., 2016) , as well as an understanding of the petrophysics of the volcanic rocks from borehole core and wireline data (e.g. Planke et al., 1999; Japsen et al., 2004; Nelson et al., 2009; Watton et al., 2014; Millett et al., 2015) . With these advances in our understanding of volcanic margins, targeted 3D seismic data over key volcanic areas will provide valuable insights into how these margins develop through time and are preserved in the offshore rock record. A high-quality 3D seismic volume and a high-resolution wide-azimuth P-Cable seismic profile were recently acquired on the Vøring Marginal High on the Mid-Norwegian Margin (Figure 1 ), facilitating detailed mapping of the uppermost basalt sequence.
The Vøring Margin is a type-example of a volcanic rifted margin (Abdelmalak et al., 2016a) . The margin was formed by continental breakup between Norway and Greenland.
Voluminous basaltic sequences were deposited on both sides of the continent-ocean boundary (COB) during the earliest Eocene (ca. 56-53 Ma; Figure 1 ). Several kilometer-thick sequences of so-called seaward dipping reflectors (SDR) were imaged on conventional 2D seismic profiles in the 1970's (Hinz, 1981) . The SDR sequence was confirmed to be of basaltic nature in the 1980's by the kilometer-deep Ocean Drilling Program Site 642 (Eldholm et al., 1987; . The seismic volcanostratigraphic method was later developed in the 1990's to study the nature, geological history and emplacement of extrusive volcanic rocks from 2D seismic data (Planke et al., 2000) with key volcanic facies within flood basalts also being recognized from the onshore record (e.g. Jerram, 2002) . The seismic volcanostratigraphic method is adapted from the concept of seismic stratigraphy (Vail and Mitchum, 1977) . Initially, the top and base of the volcanic sequence is mapped. Subsequently, seismic facies units are identified and mapped, and finally interpreted in terms of volcanic facies and emplacement processes using seismic facies analysis.
Several characteristic volcanic seismic facies units have been mapped on the Vøring Margin, including the subaerially emplaced SDR and Landward Flows, the coastal Lava Delta, and the subaqueous Inner Flows, Outer High, and Outer SDR (Figure 1b; Berndt et al., 2001) . Numerous igneous sheet intrusions, mainly sill complexes, and associated hydrothermal vent complexes, are abundant in the nearby Cretaceous sedimentary basins ( Figure 1b ; Planke et al., 2005) . More recently, new 2D industry seismic profiles have enabled mapping of the overall structure of the volcanic complex, and lead to the division of the Vøring Escarpment into five segments, E1-E5 ( Figure 1c ; Abdelmalak et al., 2016b) . The segmentation of the escarpment is largely controlled by the presence of sub-basalt structural highs and basins and by the shear motion along the Vøring Transform Margin to the southwest. Of particular importance is the central segment E3, where the escarpment is divided into an upper volcanic part of about 200 m high overlying a lower sedimentary part that is almost 1 km high. In this region, the volcanic sequence terminates against a pre-volcanic structural high located along the western flank of the Fenris Basin ( Figure 1c ). This part of the Vøring Escarpment represents a seismic imaging window into the underlying pre-breakup age sedimentary sequences (Abdelmalak et al., 2016b) .
Onshore-offshore correlation helps to obtain realistic geological and reservoir models of subsurface seismic data. This process is well developed in sedimentary basins where the construction of reservoir models, using a variety of software packages, is common. Conversely, 3D onshore analogue studies of volcanic margins and flood basalt provinces is still in its infancy.
Currently only a handful of seismic models exist for sequences with predominantly volcanic rocks (e.g. Planke et al., 2000) . However, investigations from 3D seismic data have recently highlighted the potential for using seismic attribute analysis to improve the imaging of volcanic features such as lava flows in the subsurface (e.g. Thompson, 2005; Thompson and Schofield 2008; Schofield and Jolley, 2013) . Early 3D onshore models used logged sections, mapped correlations, satellite data, correlation panels and 3D surface mapping, to construct models of flood basalt and associated sedimentary sequences (e.g. Jerram and Robbe, 2001; Single and Jerram, 2004) . More recently the use of 3D Lidar surveying along with high-resolution 3D photogrammetric methods has revolutionized field based 3D surface mapping allowing rapid high precision 3D models to be created with relative ease (e.g. Nelson et al., 2011; Stevenson et al., 2011; Eide et al., 2017) .
A 2500 km 2 3D seismic cube was acquired on the central part of the Vøring Marginal
High by the petroleum industry in the early 2010's to image potential sub-basalt exploration targets ( Figure 1 ). However, these data also enable a detailed 3D interpretation of the top, base and intra-basalt reflections. The aim of this paper is to study the igneous seismic geomorphology of the Top basalt horizon to better understand the late-stage volcanological development of the Vøring Marginal High and the Vøring Escarpment. The top basalt surface is complex, consisting of primary volcanic deposits subsequently modified by weathering, erosion and deposition of volcanogenic sediments. Seismic geomorphology is described by Posamentier et al. (2007) as "the application of analytical techniques pertaining to the study of landforms and to the analysis of ancient, buried geomorphological surfaces as imaged by 3D seismic data". Igneous seismic geomorphology is defined here as the study of igneous systems (deposits and processes) using 3D seismic images in map view. The geomorphological interpretation is complimented by fieldwork and satellite imagery to gain new insight into the volcanological nature of the seismic observations.
VOLCANOLOGICAL FRAMEWORK
A generalized model for the development of volcanic rifted margins, including the type and distribution of key facies, has been generated from onshore studies (Figure 2 ). This model considers the evolution of a volcanic margin from onset of initial volcanism to the final rifting phases (e.g. Jerram, 2015) . The best-known offshore analogue is the volcanic margin of Norway where the key volcanic seismic facies have been mapped out in detail (Planke et al., 2000; Berndt et al., 2001; Abdelmalak et al., 2016a; 2016b) . Integrating onshore and offshore observations through a robust conceptual model comprises a powerful approach for igneous seismic geomorphology.
Initial flood basalt volcanism commonly occurs in a sedimentary basin environment, forming shallow intrusions, peperites, or hydrovolcanic deposits generated by magma-wet sediment interaction, with subaerial lava flows occurring on basin margins and basinal highs (Planke et al., 2000; Wright et al., 2012) . Continued flood basalt volcanism leads to more effusive, sub-aerial volcanism where lavas progressively in-fill topographic lows and basins . If lava reaches an existing shoreline it will fragment in contact with water, constructing a foreset bedded lava delta consisting of hyaloclastites and locally massive flows (Skilling, 2002; Watton et al., 2013) . The low strength of these deposits (e.g. Schiffman et al., 2006 ) and the high-energy coastal environment lead to extensive erosion, slumping, the formation of regional escarpments, and deposition of volcaniclastic sediments by gravity mass flows (e.g. Cannon and Bürgmann, 2001) .
The 3D conceptual model in Figure 2 explains the known volcanic seismic facies units (e.g. Inner Flows, Lava Delta, Landward Flows as labelled in Figures 1 and 2 ). In this scenario the Inner Flows represent an aggradational bottom-set consisting of volcaniclastic sediments mixed with pillow-basalt and massive sheet flows (e.g., Nehyba and Nyvlt, 2015) . Lava Deltas are recognized by prograding internal architecture (e.g., Wright et al., 2012) whereas the Landward Flows form sheets of stacked subaerial lavas which transition into Lava Delta facies at the escarpment (e.g. Figure 2 ).
Both during and after active volcanism, the erupted volcanic material may be modified by erosion and tectonic processes. Subaerial lava sequences will commonly be associated with fissure faults and ridges caused during emplacement and rifting (e.g., Opheim and Gudmundsson, 1989) . These may be further utilized by later structural movements but may also influence the development of drainage systems (e.g., Schofield and Jolley, 2013) . Where Lava Deltas reach significant thickness, erosion and slumping may play an important role for the final morphology of parts of the escarpment Wright et al., 2012; Abdelmalak et al., 2016b) . The key to the study of the igneous seismic geomorphology, is to investigate both primary volcanic and secondary structural/erosional elements of volcanic terrains in order to develop the best possible model of the subsurface geology and the volcanic emplacement environment.
DATA AND METHODS
The main data available for this study is the 3D seismic cube CVX1101 acquired in exploration license PL527 for Chevron Norge. The data were acquired and processed by CGG Veritas. Acquisition was done using two 4980 cu.in. flip-flop air-gun sources with a 25 m shot point interval and recorded on twelve 8 km streamers with 100 m streamer separation.
Processing was completed in 2013, and both time and depth cubes were available for this study.
The cube covers 2500 km 2 , with a 25 by 12.5 m inline and crossline bin size. The data were released after the license was relinquished in 2015.
In addition, one P-Cable high-resolution wide-azimuth seismic profile was included in this study (Planke and Berndt, 2007) . The interpretation of the volcanic sequence followed the seismic volcanostratigraphic approach of Planke et al. (2000) . The volcanic sequence boundaries were defined by the Top and Base basalt reflections. Four main seismic facies units were identified in the study area, the 1) SDR, 2) Landward Flows, 3) Lava Delta, and 4) Inner Flows ( Figure 3a ). Sub-basalt igneous sheet intrusions were interpreted below the volcanic sequence using the methods of Planke et al. (2015) . The interpreted sills are characterized by relatively high-amplitude, low-frequency saucer-shaped reflections with abrupt terminations.
Additional seismic volume and horizon attributes were calculated to assist the interpretation and visualization of the data. Similar analysis has proven effective for visualizing lava flow and drainage characteristics on sub-surface volcanic surfaces (Schofield and Jolley, 2013) . The variance cube is useful for visualization and interpretation of steeply dipping The Top basalt horizon was studied using the seismic geomorphological approach of Posamentier et al. (2007) . Geomorphology is the study of the origin and evolution of the Earth's surface, whereas seismic geomorphology is the study of buried surfaces imaged in 3D seismic data. In this paper, we focus on the volcanological study of the Top basalt horizon to understand the igneous nature and origin of this seismic horizon. The co-blended RMS amplitude and coherency data were particularly useful for this igneous seismic geomorphological study ( Figure   4b ).
MARGINAL HIGH SURFACE
Volcanic landscapes comprise a wide range of surface features which hold information about the processes which formed them. The RMS65 Top basalt horizon envelope gives a unique opportunity to visualize the volcanic landscape that existed at the end of volcanism on the Vøring Marginal High and the Vøring Escarpment at c. 55 Ma ago (Abdelmalak et al., 2016b) .
In this section we compare selected features from the RMS65 Top basalt horizon with field analogues from basaltic volcanic provinces around the world in order to establish the emplacement environment of the succession.
A fundamental building block of the subaerial part of basaltic provinces are lava flows. In of scales which are curved in the direction of flow (Fink and Fletcher, 1978; Gregg et al., 1998; Ball et al., 2008) . Another common feature of basaltic lava flows is the development of multiple flow lobes and anastomosing channels which commonly relate to the development of flow fields fed by continuous to semi-continuous eruptions commonly lasting anywhere from days to decades. In the RMS65 Top basalt horizon, a number of compound to channelized lava flows are observed (Figures 5a-c) . Depending on a range of factors including viscosity, temperature, effusion rate, eruption environment etc. lavas may undergo significant inflation resulting in the thickening of the flow lobes (e.g., Figure 5c ; Hon et al., 1994; Self et al., 1996) . Similar lava flow features have also been imaged within the Faroe-Shetland basin to the SW of the study area (Schofield and Jolley, 2013) .
In the western region of the data cube, overlying the feather edge of the SDR domain, a highly pitted and irregular surface is revealed in the RMS65 Top basalt horizon (Figure 5d ). The surface reflection comprises high amplitudes similar to lava flows elsewhere in the survey but with numerous sub-rounded to irregular pit-like features with low amplitudes. These pitted throughout the entire study area and there is no clear evidence of reverse faults. In Figure 6a north-trending graben structures are imaged with a fault spacing of c. 400-500 m and displacements of typically c. 30-50 m. In Figure 6c , the fault traces which dissect the Skoll High
Top basalt surface are clearly imaged dissecting the palaeo Vøring Escarpment surface and can be traced across the scarp and through the Inner Flows. In Figure 6d a field analogue from the faulted lava surface of the Reykjanes Peninsula rift zone is displayed.
In Figure 7a In Figure 7b , a potential analogue example of two river channels cutting through the Miocene aged Columbia River Basalt Province (CRBP) is presented. The 2D cross-sectional view of the channels is presented in Figure 7c The channels suggest a significant period of sub-aerial exposure at the end of the main phase of volcanism on the Skoll High. The scale of the drainage systems and their catchments are difficult to infer without constraints on the time it took for them to form, but they clearly demonstrate the development of drainage systems within the lava field (Schofield and Jolley, 2013; Ebinghaus et al., 2014) . These channels present clear evidence for drainage systems coming from the west at this time feeding sediments into the Vøring Basin, likely in-filling the Fenris Graben.
VØRING ESCARPMENT
The Vøring Escarpment comprises a major structural component of the Norwegian continental margin and formed a prominent topographical feature at the end of the Paleogene volcanism (Abdelmalak et al., 2016b) . Figure 8 (Figures 8a and 9 ). The term 'debris flows' is used as a broad description for the extrusive volcaniclastic facies which are observed to flow down the escarpment within the seismic data. In reality these facies can be highly complex and include various hyaloclastites, pillows and feeder tubes (e.g. Watton et al., 2013) . In cross section these surface features are clearly linked to classic rifted margin architectural features (Planke et al., 2000) . horizon are striking. Lava delta deposits form highly unstable deposits which are prone to instability and collapse (Schiffman et al., 2006) . In the Hawaiian example, lavas enter the ocean through the passage zone (e.g., Skilling, 2002) and transition downslope into lava delta deposits comprising hyaloclastite and pillow breccias. Evidence for extensive and complex slumping and mass wasting of the subsea escarpment is also observed from offshore bathymetric data around
Hawaii (Smith et al., 1999) .
In Figure 11 , the depth and RMS30 Top basalt horizons across the escarpment are The accuracy of the horizon interpretation was enhanced by using a high-resolution P-Cable wide-azimuth profile through the cube. The 3D data were visualized in combination with horizon and volume attributes to enhance the volcanological imaging.
The seismic data in conjunction with fieldwork and satellite imagery revealed for the first time extensive subaerial lava flow fields, lava flows with compressional ridges and inflated lava lobes, and pitted lava surfaces likely formed in a wet environment. The lava fields were The image was generated using the Petrel software.
